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An improved ion thruster ($0) for low specific impulse 
operation in the 1500 sec to 6OOO sec range has a mul- 
ticusp boundary field (48) provided by high strength 
magnets (30-38) on an iron anode shell (14) which 
lengthens the paths of electrons from a hollow cathode 
assembly (20). A downstream anode pole piece in the 
form of an iron ring (40) supports a ring of magnets (44) 
to provide a more uniform beam profile. A cylindrical 
cathode magnet (46) can be moved selectively in an 
axial direction along a feed tube (22) to produce the 
desired magnetic field at the cathode tip (24). 
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most gases. Also, the propellant efficiencies for argon 
RING-CUSP ION THRUSTER WITH SHELL are unacceptably low. 
ANODE Magnetic multipole thrusters of the type described in 
AIAA Paper No. 69-260 (1969) using very high mag- 
ORIGIN OF THE INVENTION netic flux densities of approximately 2000 G at pole 
The invention described herein was made by em- pieces or magnets have shown low ion beam production 
loyees of the United States Government and may be costs. These devices also have demonstrated high pro- 
manufactured and used by or for the Government for pellant efficiencies with cesium, mercury, and xenon 
governmental purposes without the payment of any and have potential for high thruster efficiencies with 
royalties thereon or therefor. lo light gases, such as argon. However, argon propellant 
efficiencies have not exceeded 0.90. One of the reliabil- 
ity problems associated with such a device is the large DESCRIPTION 
TECHNICAL FIELD number of insulator assemblies required to support the 
This invention is directed to an improved ion thruster 15 anodes Which are Placed between the ring magnets. The 
for low specific impulse operation in the 1500 see to probability of insulator contamination or local arc at- 
6OOO sec range. Efficient thruster performance at low tachment and subsequent shorting may be high. This 
specific impulse implies very low ion beam production device suffers from the same problems as multipole 
costs and high propellant efficiency. The ion beam pro- thrusters. If a portion of the anode strip is located in a 
duction cost is the discharge power per beam ampere 20 weak magnetic field, electrons can stream to this por- 
while the propellant efficiency is defined as the in beam tion of the anode porducting asymmetries plasma den- 
current divided by the discharge chamber propellant sity and hot anode spots with the resulting ultimate 
flow rate in equivalent amperes. This measured beam failure. Inasmuch as the magnets, pole pieces, and 
current is usually multiplied by a Correction factor Of thruster shell generally are maintained at cathode PO- 
0.9 to 1.0 to account for multiply-charged ions. 25 tential, there exists a greater potential for sputter ero- 
Prior art ion thrusters generally utilized divergent sion problems because ions are accelerated through tens 
magnetic fields or multipole magnetic fields to improve of volts. 
ion containment and lower ion production costs. These used in contro~led-nuc,ear fusion- 
devices are described in “Advances in Electronics and experiments use high flux density magnets and 
some ion 
by H. R. Kaufman, 
369 19749 30 hollow cathodes. In addition, these ion sources are de- 
signed to have the entire discharge chamber shell at Pages 272-275* The divergent are 
anode potential. This eliminates the need for anode 
strips used in devices similar to those described in the 
vices, the ion production costs are very high and usually 
above 600 W/beam ampere- 
basically composed of bar or rod magnets mild steel 
pole pieces at cathode potential. Such magnets are usu- 
ally an iron, aluminum, nickel, cobalt alloy (Fe-Ni-co). 
outside of the divergent magnetic field. 
The electron collecting anode is a cylinder located 35 aforementioned Paper No* 69-260. In these de- 
Multipole thrusters are typically constructed with 
equally spaced magnet rine-or pole pieces of alternat- 
ing polarity. The magnets are usually Fe-Ni-Co or rare- 
earth materials, such as samarium-cobalt or Dlatinm- 40 
BACKGROUNDART 
Kilpatrick Pat. No. 2,892,114 is concerned with a 
cobalt. The manets and pole pieces we geierally at 
cathode potential. Circular, electron collecting anode 
strips are usually placed between the magnet rings. The 
anode strips are positioned in the magnetic field be- 
tween the magnets to set the discharge impedance. 
The Precision in locating the Position of the anodes 
strip is located in weak magnetic field, electrons can 
continuous plasma generator having A shell which is an 
anode, a cathode, a propellant inlet tube, and a series of 
solenoid windings encircling the shell anode. This de- 
vice utilizes a high voltage discharge, an axial rather 
45 than cusp magnetic field, and makes no provision for an 
acceleration system. The exhaust of this plasma genera- 
an average ion exhaust velocity that is relatively low. 
has been found to be critical. If a portion Of the anode tor would exhibit a wide spectrum of ion energies with 
stream this portion of the anode Producing plasma Patrick U.S. pat. No. 3,209,189 is directed to a plasma 
density asymmetries and anode hot Spots. Field shaping 50 generator having a shell which is connected to the posi- 
in the region of the cathode is sometimes accomplished tive terminal of a low voltage DC supply, a cylindrical 
by either a c~ridr ical  cathode magnet or circular pole terminal of 
this low voltage supply, propellant gas inlets, and a piece - baMe assemblies. 
thruster config- magnet enclosing the shell. This device accelerates ions 
uration is that minimum values Of ion cost 55 electromagnetically rather than electrostatically. The 
below 140 watts per ion beam ampere have not been 
with the gases mercury, ZenOn and argon. magnetic field is primarily axial, and the average ion 
Operation with light gases such as argon have produced exhaust are low‘ 
propellant efficiencies up ton only 0.80. Magnetic multi- Reader et al u.s. pat* No* 3*6969646 describes an 
pole thrusters using have not demon- electron bombardment ion source which is to be em- 
strated ion beam production costs below 180 W/A for ployed as a means of propulsion in outer space. This ion 
gases. M - ~  propellant efficiencies generally surce has a shell, spaced anode sections which are inter- 
fa in the range of 0.7 & 0.9 for argon. Both of these spersed with a series of magnetic pole pieces alternating 
thruster configurations do not show great promise for in polarity, a cathode, and a propellant gas inlet. This 
high thruster efficiencies at low specific imp& app& 65 device is essentially a mdticusp ion beam SOUrW in 
cations of 2000 sec for mecury or 3000 sec for argon. which magnetic material serves as a segmented anode. 
The relatively high ion production costs limit the Fe-Ni-Go magnets are usually employed in this type of 
thruster electrical efficiency at low specific impulse for device. 
that is conneew to the 





In operation, neutral gaseous propellant flows from 
the end of a perforated propellant feed tube 28 and from DISCLOSURE OF INVENTION 
The ring-cusp thruster of the present invention uti- the hollow cathode 20 into the ionization chamber 12. A 
lizes a multicusp boundary field produced by rings of potential is applied to the starting electrode 26 and the 
high strength magnets that are placed on an iron anode 5 cathode tip 24. Electrons emitted from the cathode 
shell. This thruster includes a downstream anode pole initiate a discharge in a manner well known in the art. 
piece on which a ring of magnets is positioned to pro- The iron housing 14 is maintained at anode potential 
vide a uniform ion beam profile. to receive electrons from the cathode 20. Electron paths 
The thruster also has a hollow cathode assembly that are lengthened by a magnetic field in accordance with 
includes a cathode magnet which couples the magnetic 10 the present invention. 
field in the cathode region to a ring of magnets located Electron access to anode surfaces is optimized by the 
on the anode shell near the center of the discharge magnetic field produced by magnets shown in the draw- 
chamber. This confines the electron current to the i W .  More particularly, the ion thruster 10 utilizes rings 
downstream ring cusps and the downstream anode pole of magnets 30, 32 and 34 Placed in the iron anode 14 
piece. A discharge chamber is composed primarily of 1s together With ring of magnets 36 and 38 on the back 
anode potential surfaces to reduce ion sputter etching of Plate 16 which is also at anode potential. This confimra- 
side and upstream diwharge chamber walls.  AI^, a tion results in a strong downstream ion flux with rela- 
high perveance ion optical system reduces ion losses to tively low ion losses to side and 
its upstream grid. A downstream magnetic pole piece in the form of an 
of these features reduces the mini- 20 iron ring 40 is mounted on the anode 14 adjacent to the 
mum ion beam production costs to less than 90 watts accelerator system 18. This pole piece is maintained at 
per beam ampere. F~~ example, propellant anode potential. A suitable insulator 42 is interposed 
accelerator system 18. A ring of magnets 44 is mounted for argon, krypton, xenon and mercury. In contrast, 
25 on the pole piece 40 to provide a more uniform beam argon ion beam production costs below 140 W/A have 
not been obtained at propellant efficiencies greater than The magnet rings 30-38 and 44 are preferably samari- 
um-cobalt with pole-face flux densities of about 2500 0.80 using conventional divergent field thrusters. 
BRIEF DESCRIPTION OF THE DRAWING gauss. Magnetic field penetration into the center of the 
chamber 12 is reduced in the region of ion optics 18 by The details of the invention will be described in con- the iron ring nection with the accompanying drawing which is a Another important feature of the invention is the 
vertical section view of a ring cusp ion thruster having provision of a cathode magnet which a shell anode constructed in accordance with the pres- surrounds the cathode feed tube 22 and is adjacent to 
ent invention. It should be noted that ground screening the The cathode magnet 4 can be 
moved selectively in an axial direction along the cath- and neutralizer means are not shown. 
Best Mode for Carrying Out the Invention ode feed tube 22 to produce the desired magnetic field 
at the cathode tip 24. A cylindrical cathode magnet 
bombardment ion thruster lo Of the de- 40 of about 250 gauss has been satisfactory. Shown on the 
scribed in U.S. Pat. NO. 3,156,090. The ion thruster 10 drawing is a sketch of an iron filing magnetic field map 
has a discharge chamber 12 within a tubular housing Of 48 produced by the cathode magnet 46 and the down- 
iron which forms an anode shell 14. A flat back plate 16 stream rings of magnets. 
of mild Steel iS mounted at the forward end of the cham- The discharge is initiated by heating the cathode 20 
ber 12 in contact with the shell anode 14. 45 with a coil heater in a manner known in the art. A high 
Ions are extracted and accelerated from the thruster voltage pulse is applied between the cathode tip 24 and 
10 using a high Perveance in o p t i d  system 18 mounted the starter electrode 26. The discharge is then estab- 
at the Opposite end of the discharge chamber 12. The lished between the cathode 20 and the shell anode 14,16, 
accelerator system 18 may use double grid ion Optics 40. Nearly all the electron current is channeled to the 
described in the aforementioned U.S. Pat. NO. 50 cusp region of the two downstream magnetic rings 32 
3,156,090. It is further contemplated that a three-grid and 34 and the downstream ring 40 because ofthe mag- 
ion optical system compatible with low specific impulse netic field shaping. Also, most ofthe ion flux is directed 
operation might be used. In this case, typical grid volt- away from the walls of the discharge chamber 12 and 
ages might be: upstream grid, 500 V; middle grid, toward the ion optics 18 to be extracted as beam cur- 
-1OOOV; downstream grid, near ground. 55 rent. Only a small amount of ion flux is lost to the walls 
A hollow cathode assembly 20 is mounted at the in the chamber 12. This unique feature produces the 
center of the back plate 16. This assembly includes a desired low ion production cost. More particularly, ion 
central gas feed tube 22 having a cathode tip 24 at its production costs of 90 watts per beam ampere or less 
extreme downstream end. A starting electrode 26 is may be attained in accordance with the present inven- 
provided to initiate an arc at the hollow cathode tip 24. 60 tion with candidate propellants such as Xe, Ar, Kr, Hg 
As shown in the drawing the accelerator system 18 and others. 
preferably comprises a pair of dished grids. Ions are It is contemplated the invention can be used in 
extracted using the high perveance of these dished thruster sizes varying between diameters of about 5 
grids. The dished ion accelerator system 18, hollow centimeters to at least 50 centimeters. It is further con- 
cathode assembly 20, and neutralizer (not shown) are 65 templated that the structure shown in the figure can be 
standard ion thruster components. Reference is made to employed for space applications, as a ground based ion 
“Advances in Electronics and Electron Physics” by H. beam source for sputtering applications, or for neutral 
R. Kaufman, vol. 36, 1977, pages 272-275. beam injection application for controlled-nuclear fusion 
ne 
in excess of 0.90 are readily achieved at 95 to 120 W/A between the pole piece and the grid of the 
tip 
Referring now to the drawing, there is &own an producing an axial magnetic field at the cathode tip 24 
4,466.242 
systems. The device can use inert gases, reactive gases, 
or vaporized liquid metals. 
As started above an ion thruster constructed in accor- 
dance with the present invention has resulted in ion 
beam production costs of about 90 W/A with potential 
for even more efficient ion production. Ion production 
costs below 140 W/A are not readily obtained using 
conventional divergent field thrusters. More particu- 
larly, the divergent field thrusters using argon have a 
propellant efficiency of about 0.70 at ion production 
costs in excess of 200 W/A. Magnetic multipole thrust- 
ers using low flux density magnets have generally dem- 
onstrated poor propellant efficiencies and ion produc- 
tion costs of at least 200 eV/ion for light gases such as 
argon. 
Another advantage of the present invention is that 
most of the chamber surfaces that collect ions are at 
anode potential; thus, these ions usually fall through 
only a few volts rather than tens of volts which is the 
case of most prior art devices. The low energy ions will 
produce less sputter erosion to discharge chamber sur- 
faces compared with the prior art devices. 
Ion thrusters, constructed in accordance with the 
present invention, have demonstrated the lowest ion 
beam production costs for mercury and inert gases. 
Similar results may be obtained with other gases. Ion 
beam production costs less than 90 watts per ion beam 
ampere have been obtained. Based on the measurements 
of ion currents to the discharge chamber walls, even 
lower ion beam production costs should be readily ob- 
tained. 
While the preferred embodiment of the invention has 
been disclosed and described it will be appreciated that 
various structural modifications may be made to the 
disclosed device without departing from the spirit of the 
invention and the scope of the subjoined claims. By way 
of example, the disclosed structure may be modified by 
moving the magnetic rings 30,32,34 and 44 on the iron 
anode 14 or downstream iron ring 40 to produce a con- 
figuration which gives a lower ion production cost, a 
more desirable ion beam profile, or effect changes in ion 
beam charge state. 
We claim: 
1. An improved ion thruster for low specific impulse 
operation in the 1500 sec to 6,000 sec range comprising 
a tubular anode shell forming a chamber for contain- 
ing an ionizable propellant, 
a source of high velocity electrons within said cham- 
ber for bombarding said propellant to form ions, 
a high perveance optical system for extracting and 
accelerating ions from said chamber mounted on 
said anode shell at the downstream end of said 
chamber, said thruster having a back plate at anode 
potential mounted on the forward end of said 
anode shell thereby closing said chamber, 
a plurality of rings of magnets mounted on the inner 
surface of said tubular shell, and 
a plurality of rings of magnets mounted on the inner 
surface of said back plate to form with the magnets 
on the tubular shell a strong downstream ion flux to 
minimize ion losses to the side and upstream walls 
of said chamber. 
2. An ion thruster as claimed in claim 6 wherein the 
anode 15 shell is iron. 
3. An ion thruster as claimed in claim 1 wherein the 
magnet rings are samarium-cobalt. 
6 
4. An ion thruster as claimed in claim 3 wherein the 
magnet rings have pole-face densities of about 2500 
gauss. 
5. An ion thruster as claimed in claim 1 wherein the 
5 magnets on the back plate are samarium-cobalt. 
6. An ion thruster as claimed in claim 1 including 
an iron ring mounted on said anode shell at the down- 
stream end thereof adjacent to said ion optical 
system to form a downstream magnetic pole piece 
a ring of magnets mounted on said iron ring thereby 
providing a uniform beam profile and reduce the 
magnetic field penetration into the center of aid 
chamber adjacent to said ion optical system. 
7. An ion thruster as claimed in claim 1 wherein the 
electron source comprises a hollow cathode assembly 
having a central gas feed tube mounted at the center of 
said back plate, and 
a cylindrical magnet mounted on said feed tube to 
8. An ion thruster as claimed in claim 7 wherein said 
cylindrical magnet produces an axial magnetic field of 
about 250 gauss. 
9. An ion thruster as claimed in claim 7 wherein the 
25 cylindrical magnet is slidably mounted on the feed tube 
whereby said cylindrical magnets may be moved selec- 
tively in an axial direction to produce a predetermined 
magnetic field at the tip of said cathode. 
10. An electron bombardment ion thruster compris- 
a housing forming the peripheral wall of discharge 
chamber for containing an ionizable propellant, 
means for maintaining the surfaces of said peripheral 
wall of said discharge chamber at anode potential 
to reduce ion sputter etching of the side and up- 
stream portions thereof, 
a source of propellant in communication with said 
discharge chamber, 
a cathode for emitting high velocity electrms to said 
peripheral wall for bombarding said propellant to 
form ions, 
ion optical means for extracting and accelerating ions 
from said discharge chamber, 
a plurality of high strength magnets mounted on said 
housing in said chamber to form a multicusp 
boundary field, 
a downstream anode pole piece adjacent to said ion 
optics means for providing a uniform ion beam 
profile, and 
a magnet mounted on said cathode to couple the 
magnetic field in the region thereof to said high 
strength magnets. 
11. An electron bombardment ion thruster as claimed 
a ring of magnets mounted on said downstream anode 
12. An electron bonib&dment ion thruster as claimed 
13. An electron bombardment ion thruster as claimed 
60 in claim 12 wherein the magnets have pole-face densi- 
ties of about 2500 gauss. 
14. An electron bombardment ion thruster as claimed 
in claim 10 wherein the magnet on the cathode is mov- 
ably mounted thereon for selective movement in an 
65 axial direction to produce a predetermined magnetic 
field at the tip of the cathode. 
10 at anode potential, and 
15 






in claim 10 including 
pole piece. 
55 
in claim 11 wherein the magnets are samarium-cobalt. 
* * * * *  
